Cyclic phosphates and certain related compounds undergo hydrolysis millions of times faster than their acyclic analogs, and specifically may undergo rapid hydrolysis of ester groups that are external to the ring.'-4 These unusual rate effects have recently been explained5 by postulating that the trigonal bipyramidal intermediates, formed during hydrolysis, undergo an internal inversion, or "pseudorotation" process. Such an inversion or pseudorotation has been well established for PF5 and for alkyl fluorophosphoranes6' 7 and was recently demonstrated for the cyclic alkyl oxyphosphorane, I, by nuclear magnetic resonance (NMR) measurements.8 At low temperature, I is frozen into the conformation shown; by contrast, at room temperature the methoxyl groups undergo a rapid interchange of position. Although this exchange almost certainly takes place by pseudorotation, prior publications9' 10 had suggested that a process of this sort might occur by an opening and reclosure of the ring, to form a zwitterionic intermediate with equivalent methoxyl groups. In this communication, we report the interconversion of the stereoisomers II and III by pseudorotation at room temperature, and demonstrate that at elevated temperatures (120-160°) a second process occurs that makes the methyl (as contrasted to the methoxyl) groups of II and III equivalent. The NMR measurements thus allow a clear distinction to be made between the low-temperature and high-temperature processes; they simultaneously confirm the reality of the mechanism previously proposed by Ramirez and Desai9 and by Kukhtin et al.,'0 and strongly reinforce our interpretation of the low-temperature process as pseudorotation.8
Cyclic phosphates and certain related compounds undergo hydrolysis millions of times faster than their acyclic analogs, and specifically may undergo rapid hydrolysis of ester groups that are external to the ring.'-4 These unusual rate effects have recently been explained5 by postulating that the trigonal bipyramidal intermediates, formed during hydrolysis, undergo an internal inversion, or "pseudorotation" process. Such an inversion or pseudorotation has been well established for PF5 and for alkyl fluorophosphoranes6' 7 and was recently demonstrated for the cyclic alkyl oxyphosphorane, I, by nuclear magnetic resonance (NMR) measurements.8 At low temperature, I is frozen into the conformation shown; by contrast, at room temperature the methoxyl groups undergo a rapid interchange of position. Although this exchange almost certainly takes place by pseudorotation, prior publications9' 10 had suggested that a process of this sort might occur by an opening and reclosure of the ring, to form a zwitterionic intermediate with equivalent methoxyl groups. In this communication, we report the interconversion of the stereoisomers II and III by pseudorotation at room temperature, and demonstrate that at elevated temperatures (120-160°) a second process occurs that makes the methyl (as contrasted to the methoxyl) groups of II and III equivalent. The NMR measurements thus allow a clear distinction to be made between the low-temperature and high-temperature processes; they simultaneously confirm the reality of the mechanism previously proposed by Ramirez and Desai9 and by Kukhtin et Here one atom or group (the "pivot") remains in an equatorial position. The two substituents that were originally apical move back through the plane of the paper to assume equatorial positions, while two substituents that were originally equatorial move forward to assume apical positions in the new trigonal bipyramid as shown.
Prior research8 has suggested the limitations under which interconversions such as that between II and III may occur by pseudorotation. The energy of a phosphorane is minimized when polar groups (such as fluorine or oxygen atoms) are placed in the apical position while relatively nonpolar groups (such as alkyl or aryl groups) are placed in equatorial positions", 7, 8 of a trigonal bipyramid. Furthermore, a five-membered ring must be placed in axial-equatorial position, in preference to a diequatorial position;2 the evidence for this statement includes X-ray crystallographic determination of the structure of a stable pentaoxyphosphorane,12 and considerations of bond angle deformation."
Interconversion of II and III.-Subject to the limitations cited above, the interconversion of II and III can proceed only by the unique pathway through the unstable intermediates IV-VI shown below in Scheme 1. 
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Scheme 1. The unique pathway for the interconversion of II to III by pseudorotation. The first step uses the phenyl group as pivot for the pseudorotation of II into IV. In order to assist the visualization of the structural formulas, IV has been rotated by 1200 about the horizontal axis of the molecule; subsequent pseudorotation about the equatorial methoxyl group as pivot will yield V. Again, for convenience in visualization, V has been rotated by 1200, this time about the vertical axis of the molecule; subsequent pseudorotation about the forward methoxyl group as pivot will yield VI. Now VI has been again rotated by 1200 about the horizontal axis of the molecule; a pseudorotation about the phenyl group as pivot will yield a formula that can be rotated about the vertical axis into congruence with III.
A striking feature of the proposed pathway is that it does not fully equilibrate the two methoxyl groups of II and III. II and III can conveniently be designated the cis and trans isomers, respectively, where the stereochemical designation refers to the relationship between the phenyl groups in the equatorial plane. The equatorial methoxyl group of II is cis to the methine hydrogen atom, whereas the equatorial methoxyl group of III is trans to this hydrogen atom. The pseudorotation pathway allows interconversion between the equatorial methoxyl group of II and the apical methoxyl group of III and conversely allows interconversion between the equatorial methoxyl group of III and the apical methoxyl group of II. But the mechanism does not allow an exchange between the equatorial methoxyl group of II and that in III or, conversely, between the apical methoxyl group of II and that in III.
These predictions have been completely confirmed by low-temperature NMIR measurements. The spectra shown in Figure 1 were taken in bromobenzene as solvent; although this solvent obscures the aromatic region, it was chosen so that a single solvent could be used for the entire temperature range covered. The spectrum for the mixture of II and III at -11°' is presented on the lowest line of Figure 1 ; it shows that the two isomers, II and III, are present in the ratio of about 1: 2. The peak at 5 = 1.95 is a singlet and corresponds to that of the methyl signal of the acetyl group in both II and III. The peaks at a = 2.53 and 2.25 are in the approximate ratio 1: 2, and correspond to the signal from the other (olefinic) methyl group of II and III, probably in that order. (This assignment is based on the assumption that, for steric reasons, the trans isomer is more stable than the cis isomer.) The integration for these peaks is, in sum, the same as that for the methyl signal of the acetyl group. The methoxyl peaks at about 5 = 2.89 (apical) and 5 = 3.62 (equatorial)
show JP-H of 10 and 13 cps, respectively. The shoulders on each of these peaks are again indicative of the presence of the two stereoisomers II and III in the ratio of 1:2. The spectrum of II and III in deuterochlorofortn at -37° (Fig. 2) shows the presence of the two isomers more clearly. The signals for the methyl groups are similar to those in bromobenzene. Although the signal for the apical methoxyl _-X \ 1~~~~~~~~~37°0 . groups are accidentally coincident, the signals for the equatorial methoxyl groups are distinct, and their intensities are roughly in the ratio of 1: 2 corresponding to the ratio of the cis and trans isomers; similar considerations hold (less obviously) for the signals from the methine hydrogen atom. When the solution of the mixture of II and III is warmed to room temperature or slightly above, the peaks for the methoxyl groups coalesce, as do those for one of the methyl groups; this spectrum at 410 is shown in the second line of Figure 1 . At 860 (line 3 of Fig. 1 ) the signals for the methoxyl groups and for both methyl groups are resolved, and form the pattern expected for a rapidly equilibrating mixture of II and III. Each methyl group is represented by a singlet. The signal from the methyl attached to the olefinic bond is not midway between that observed at -11°f or II and III, but considerably closer to the position of III; this demonstrates that at 860 as at-11°, the cis and trans isomers are not present in equal quantities. The methoxyl groups show up as a symmetrical triplet, which we interpret as the superposition of two equal doublets. One of these doublets is the composite signal from the methoxyl group that is equatorial in II and apical in III, with JP-H = 12 cps; the other doublet is the composite signal from the methoxyl group that is equatorial in III and apical in II. The particular type of averaging here described makes the number of hydrogen atoms, and hence the intensity of the signal, identical for the two methoxyl groups regardless of the magnitude of the equilibrium constant for the interconversion of II and III. An unusual situation then obtains in that although the position of the signal from the olefinic methyl group proves that the two isomers are present in different concentrations, the signals from the methoxyl groups must and do remain separate and equal.
The Zwitterionic Intermediate.-The new chemistry is found on carrying out the NMR measurements at higher temperatures. At + 1260 the signals for the two methyl groups collapse, as shown in the fourth line of Figure 1 ; at the same time the signals for the methoxyl groups remain sharp, and in fact sharper than at +860. At 1560 the signal from the methyl groups is again resolved (as shown in the top line of Fig. 1 ) into a singlet midway between those observed for the two separate methyl groups at 860. The methoxyl signal remains a triplet, albeit not so sharp as at 1260. The changes in these spectra with temperature are reversible.
These data are consistent with a high-temperature process where the ring of II opens and closes by way of the zwitterion, VII, where the structure of the anion has CI3 0Ĉ C6H5Plye sC6,.5 OCH3 VII been drawn in such a way as to emphasize the equivalence of the two carbonyl oxygen atoms; the anion is of course mesomeric, with the negative charge distributed over the f3-diketone system. Rotation about the carbon-carbon single bond of VII as shown will allow the ring to be closed to either of the two carbonyl oxygen atoms; provided that this rotation is fast on the N1\R time scale, it will make the two methyl groups equivalent. By contrast, rotation about the carbon to phosphorus bond of VII will not result in equilibration of the two methoxyl groups. The phosphorus atom is presumably tetrahedral, but closure to a trigonal bipyramid is practically limited to two of the four faces. Closure on the face of VII opposite the bond between phosphorus and the asymmetric carbon atom is stereochemically impossible; furthermore, closure on the rear face of the tetrahedron is unfavorable since it would place a phenyl group in an apical position. Interestingly, closure on the forward face will only convert II to III, and will not therefore interchange the methoxyl groups. Obviously a similar zwitterionic intermediate could be initiated from III.
Discussion.-The NMR data then lead to the finding of two separate equilibration processes between II and III. One of these, which occurs near room temperature, partially equilibrates the methoxyl groups but does not equilibrate the methyl groups; the other process occurs at temperatures about 1000 higher, and equilibrates the methyl groups of II and III without further equilibrating the methoxyl groups. The process that occurs at 120-160' must involve cleavage of the phosphorus-oxygen bond in the ring since only in this way will the methyl groups become equivalent; this, then, is the zwitterionic process that had previously been postulated.9' 10 The independent process that occurs near room temperature is then almost certainly pseudorotation.14 Alkyl oxyphosphoranes then undergo pseudorotation near room temperature by way of unstable intermediates with alkyl groups in the apical position of trigonal bipyramidal compounds. By contrast, the dialkyl trifluorophosphoranes are frozen, at least at room temperature, in a single conformation. It is apparent that the preference for polar substituents in apical positions is not so strict for oxygen as for fluorine substituents; this is what might be expected from the lesser electronegativity of oxygen as compared to fluorine. This conclusion is consistent not only with the NMR spectra for the phosphoranes, but with the chemistry of cyclic phosphate esters.5
Experimental. The equilibrium mixture of II and III can be prepared in good yield from equivalent quantities of dimethyl phenylphosphonitel5 and 3-benzylidene-2,4-pentanedione (Aldrich) at room temperature under argon, and crystallized by triturating the resulting oil under hexane. The compound(s) may be crystallized from hexane or from ethyl acetate-hexane under argon. The crystals undergo a change in structure around 80}90', and melt unsharply at around 112-120°, depending on the rate of heating. The melting behavior is presumably related to the interconversion of II and III at these temperatures. Anal. Caled. for C20H2304P: C, 67.03; H, 6.46; P, 8.64 . Found: C, 67.08; H, 6.49; P, 8.71 (Galbraith Analytical Laboratory). The IR spectrum of the crystals in carbon tetrachloride shows strong bands at 6.05, 6.90, 7.30, 7.65, 9.20, 9.55, 10.60, and 14.35 ,u. The NMR experiments were carried out with a Varian A-60 NMR spectrometer, equipped with a Varian Associates V-6031B variable temperature probe. We gratefully acknowledge the skilled technical assistance of Mr. Hampar Janjigian with the NMR measurements.
Summary.
- (1) The cis and trans isomers, II and III, of a cyclic alkyl oxyphosphorane .have been synthesized, and their NMR spectra obtained. PROC. N. A. S. (2) The isomers undergo two separate temperature-dependent equilibration processes.
(3) At low temperatures (-10 to -40°) the spectra of the two isomers are separate and distinct. At moderate temperatures (50-80O) they are interconverted by a "pseudorotation" process that involves an internal inversion about the central phosphorus atoms of the trigonal bipyramidal compounds; this process partially equilibrates the methoxyl groups of II and III.
(4) At high temperatures (.160°) the phosphorus to oxygen bond of the ring reversibly opens and recloses by way of a zwitterionic intermediate; this process allows the methyl groups (as contrasted with the methoxyl groups) of II and III to become equivalent.
(5) The discovery of the zwitterionic process, as separate and distinct from pseudorotation, reinforces our interpretation of the low-temperature NMR phenomena. and of the chemistry of phosphate esters, in terms of pseudorotation processes.
